Secretion of salts by bicellular salt glands and the water relations of the grass Sporobolus spicatus were investigated at four sites along the coast of the Red Sea in Egypt that diered in the extremity of salinity and drought. Salt eliminated by the leaves was similar in its composition at all sites. Na and Cl À were the dominant ions in the soil, and together comprised about 93 % of the dry weight of secreted salt. The molar ratio of K : Na in the plant leaves was more than ten-fold that in the interstitial soil solution and thirteen-times that in the secreted salts, re¯ecting the high selectivity of the secretion mechanism for Na . The concentration of Na in the solution transported to the leaves between 0900 and 1500 h was less than 0 . 1 % of that in the soil solution. Accumulation of salts by the plant shoots, which increased with increasing soil salinity and drought, was maximal during the day when the extent of secretion greatly reduced. The ionic osmotic potential (c i ) of leaves was lowest at midday and this was mainly due to the decreasing water content and increasing accumulation of NaCl which contributed about 68 % of total leaf ionic osmotic potential. Increasing secretion during the night resulted in removal of salts that were accumulated during the day. In this way the mineral content of the plant was regulated and compartments in the leaves that contained salt during the day were emptied during the night to become available for a new supply the following day.
INTRODUCTION
All halophytes utilize salts in osmotic adjustment to the low water potentials in their environments. They must accumulate sucient ions in their leaves for this purpose, whilst avoiding the toxic eects of those ions (Greenway and Munns, 1980) on vital metabolic processes such as protein synthesis (Flowers and Dalmond, 1992) . In some species, growth and ion accumulation is balanced (Flowers and Yeo, 1988) , while in others excess ions are secreted by salt glands (Thomson et al., 1988) . Of all the families of angiosperms, two stand out in terms of salt tolerance: the Chenopodiaceae have the highest proportion of genera that have salt-tolerant species, and the Poaceae have the largest number of halophytic species in a family (Flowers et al., 1986) . Secretion of salt by halophytic species takes place through specialized cells on the leaf surface. The presence of these salt glands, or microhairs as they are known in the grasses, has been studied in several subfamilies of Poaceae, especially the Chloridoideae (Levering and Thomson, 1971; Liphschitz and Waisel, 1974) , non-pooid subfamilies (Amarasinghe and Watson, 1988) , subtribes of Poaceae (Taleisnik and Anton, 1988) and Zoysieae (Marcum and Murdoch, 1990) . Subsequent studies revealed that microhairs of only some grass species are capable of secreting salt (Amarasinghe and Watson, 1989) , while others secrete substances such as proteins and polysaccharides instead of salt (Amarasinghe, 1990) .
The main function of salt glands is to secrete excess stressinducing ions that invade the plant. Ball (1988) found that the proportion of salt that was excluded from entry into the roots of two mangroves, Aegiceras corniculatum and Avicennia marina, during water uptake increased from 90 to 97 % with an increase in salinity from 50 to 500 mM. In both species, Cl À taken up into the shoot and the percentage secreted from it increased with increasing external salinity. Under controlled conditions, salt secretion tends to be heavily dependent on the salinity of any treatment solution (Rozema and Riphagen, 1977; Batanouny et al., 1992) and the humidity of the air (Pollak and Waisel, 1979) . Hansen et al. (1976) measured salt secretion of Distichlis spicata and recorded a diurnal rhythm, with more salts being secreted during the night than during the day. In contrast, Scholander et al. (1962) and Hill and Hill (1976) concluded that daily changes in secretion rates seemed to follow the diurnal rhythm of transpiration. In Reaumuria hirtella, Ramadan (1998) found that more than 67 % of the absorbed NaCl was secreted by leaves during the day. Gorham (1987) calculated that secretion from leaves of Leptochloa fusca was about ®ve-times the rate of net accumulation in the leaves over a 24 h period, in contrast to the situation in Pappophorum philippianum, where only 11 % of ions accumulating in the leaf are secreted (Taleisnik and Anton, 1988) . Flowers et al. (1990) found a situation in Porterecia coarctata similar to that in L. fusca, and concluded that the possession of glands is vital to withstand salinity.
Most investigators have studied salt secretion by glands under controlled conditions with treatment solutions diering in salinity (Arisz et al., 1955; Scholander et al., 1962; Berry and Thomson, 1967; Rozema et al., 1981; Faraday and Thomson, 1986; Ball, 1988) . Under sucient water supply, salinity may be the primary in¯uence on plant growth and development. However, under arid or hyperarid conditions, a drastic shortage of water at the root surface together with extreme transpiration at the shoot are additional factors with which the plant must deal. Any salt secreted in solution adds to the problems of water balance in the leaves. The work reported here investigates the combined eects of salinity and drought on the process of salt secretion, plant water relations and the strategy by which plants can maintain their mineral balance and water status under ®eld conditions.
MATERIALS AND METHODS
The experimental material was Sporobolus spicatus (Vahl) Kunth., a perennial psammophile and salt secreting halophyte with C 4 photosynthesis. It is a sti grass of pale colour with creeping stolons. The stolons may be several meters long, with tufts of pungent leaves and short culms at the rooting nodes. Sporobolus spicatus is found in saline sites along most of the Egyptian coast. Four sites diering in salinity were chosen; each site included a small area with sucient (76) shoots of S. spicatus to provide material for sampling. The sites were located along 120 km of the Red Sea coast, north of the Sudano-Egyptian border (latitude 228 N), where S. spicatus is common. The sodium adsorption ratios of 1 : 5 soil extracts were 10, 23, 75 and 70, while pH values were 7 . 54, 7 . 78, 8 . 38 and 8 . 19 at sites 1±4, respectively.
Soil samples were taken from the root environments and around the rooting nodes (20-30 cm deep) at each site. Water contents were determined by drying at 1058C to a constant weight. For mineral analysis, water extracts (1 : 5 ratio with dry soil) were prepared according to the protocol followed by sta of the U.S. Salinity Laboratory (Richards, 1954) .
Salts, which appear as small white crystals on leaf surfaces following evaporation of water from the secreted solution, were collected in the ®eld from plants at each site. If collection of individual salt grains proved impossible, the leaves were washed with distilled water and the solution was collected in vials. The water was subsequently evaporated and the mass of secretion determined before dissolving in a constant volume of distilled water prior to analysis.
Air temperatures (actual and at saturation) were measured using a dry and wet bulb Assmann aspiration psychrometer. Relative humidity and vapour pressure de®cit were then obtained from hygrometric tables (Slatyer and McIlroy, 1961) .
Measurement of transpiration and secretion rates
Rates of transpiration were measured by weighing samples of shoots in the ®eld. Although this method has the disadvantage that stomatal conductance may change during measurement, transpiration can be estimated in remote sites using a minimum of equipment. Measurements are based on the assumption that during the ®rst few minutes after cutting, the previous transpiration rate is maintained with no signi®cant change. Greater accuracy can be obtained by increasing the weight of sample (2±4 g is sucient), using long pieces of shoots to increase the distance between the cut surface and the transpiring leaves, and by decreasing the exposure time (Ramadan, 1998) . Change in weight over 2 min was recorded for ®ve excised shoot portions at regular intervals (3 h) over 24 h from 0600 h at each site. Transpiration rates were expressed as g H 2 O g À1 f. wt h À1 . To determine the rate of sodium secretion, six marked intact shoots were washed (at 0600 h) with 0 . 05 N HNO 3 to remove the previously secreted salts, and then rinsed with distilled water and dried immediately with`Kleenex' paper. Each portion of the plant shoot was immersed at regular intervals (3 h) in a known volume of distilled water and agitated for 10 s (Drennan and Pammenter, 1982; Ramadan, 1998) . The concentration of sodium was determined in the resulting solution. At the end of experiment (0600 h of the following day), each of these shoots was removed, weighed, dried, extracted and their Na content and osmotic potential due to ions were determined. Rates of Na secretion were expressed as mmol Na g À1 f. wt h À1 .
Estimation of sodium concentration and ionic osmotic potential
At the start of sampling (0600 h), 32 intact shoots were washed to remove any previously secreted salts. From these portions, four (as replicates) shoots were removed, weighed and inserted to test tubes for drying at 708C and reweighing for determination of water contents. This was repeated every 3 h. At each time, the portions were removed after washing with distilled water. In the laboratory, the dry portions were heated in double-distilled water in a boiling water bath for 1 h. Na concentration was determined bȳ ame photometry and the electrical conductivity of the extracts measured using a digital conductance meter (YSI, model 35). The ionic osmotic potential (c i ) was then calculated [c i (ÀMPa Ec Â 0Á36 Â 0Á1013 (where EC is the electric conductivity in dS m À1 ; Jackson, 1958) ]. The partial osmotic potential due to Na or Cl À was calculated using the van't Ho equation (Morris, 1974) .
Calculation of absolute secretion and concentration of Na in the solution transported to leaves
Absolute secretion of Na was calculated by multiplying the average rate of secretion by 3, to give the total amount of Na secreted in each time interval. The dierence in Na concentration (mmol g À1 f. wt) at two successive times is considered as the change in internal content. Given the values for absolute secretion, accumulation, total transpiration and the water content of leaves every 3 h, the concentration of Na in the solution transported to the leaves can be estimated as follows:
Concentration of Na in the solution transported to the leaves secretion difference in internal Na content transpiration difference in internal water content This equation represents the net amount of Na taken up into the leaves (both secreted and retained) divided by the volume of water transported to the leaves every 3 h.
Mineral analyses
Sodium and potassium were determined using a CarlZeiss Flame Photometer. Calcium and magnesium were determined by an Atomic Absorption/Flame-Emission Spectrophotometer (Shimadzu-model AA-630-02). Chloride was measured by titration as described by Jackson (1958) . Sulfate was determined as BaSO 4 according to Bardsley and Lancaster (1965) . Phosphate was estimated by the molybdate blue colour method as described by Vogler (1965) .
Statistical analysis
Data were analysed by one-way ANOVA using Minitab (Minitab Inc.) following transformation to natural logarithms to achieve homogeneity of variances.
RESULTS

Mineral composition of soil, plant leaves and secreted salt
The soil salinities at the four sites studied were signi®cantly dierent as were the concentrations of the seven ions that were determined (Table 1) . Soil water contents and total soluble salts were also signi®cantly dierent. Soils at sites 3 and 4 were characterized by higher salinity and drought than at sites 1 and 2. The concentration of NaCl in the soil solution at site 4 was about 15-times higher than that at site 1. In spite of this variation between soils, there was no great dierence in the mineral concentrations in shoots of S. spicatus at the four sites. Since analysis of ionic concentrations was carried out on samples collected at 0600 h, the data re¯ect the eciency with which plants regulate the ionic content of their leaves.
The composition of the ®eld-collected salts secreted by leaves of S. spicatus is shown in Table 1 . Because there were no dierences between the composition of salts collected at the four study sites, data were pooled for all sites. NaCl was the most abundant salt secreted, comprising about 93 % by weight of secreted salts. The other four ions: K , Ca 2 , Mg 2 and SO 2À 4 constituted approx. 5 % of the dry weight of secreted salts. Although traces of PO 2À 4 were present in the soils at all sites, its representation in the secreted salts was below the detection limit of the method used. The ions were secreted by leaves of S. spicatus in the order Cl
Diurnal pattern of transpiration, secretion and Na concentration in leaves
The daily pattern of transpiration of S. spicatus was similar at the four sites studied. Transpiration increased progressively in the morning (Table 2 ) with increasing air temperature and vapour pressure de®cit (Fig. 1A) , reaching a maximum rate between 1200 and 1500 h. Rates of transpiration at sites 1 and 2 were generally higher than at sites 3 and 4 re¯ecting the water contents of the soil. There was a highly signi®cant dierence between the means of daily transpiration rates at the four sites. The total daily transpiration by shoots was 5 . 16, 3 . 02, 2 . 92 and 2 . 00 g H 2 O g À1 f. wt at sites 1±4 where the soil water contents were 14 . 96, 11 . 17, 7 . 34 and 5 . 08 %, respectively. After 1800 h, transpiration was greatly reduced, and it ceased after 2100 h. At all sites, secretion rates were higher in the early morning (0600±0900 h) than at other times of the day; the lowest rates were recorded between 0900 and 1500 h. After 1500 h, secretion rates tended to increase gradually until the following morning (Table 2) . Rates of salt secretion during the night by plants at sites 3 and 4, the more saline sites, were higher than those of plants at sites 1 and 2 (secretion by plants at site 4 was the lowest from 1200 to 1800 h compared to plants at other sites). Drought and salinity lead to decreasing rates of transpiration and secretion during the day and to increasing secretion during the night, when transpiration is very low.
Sodium ion concentrations in the fresh leaves of S. spicatus at dierent sites are shown in Table 2 . At 0600 h there were no signi®cant dierences between concentrations of Na in leaves of plants at all sites. Concentrations of Na then increased gradually due to increasing accumulation and decreasing secretion, reaching 05. Subscripts of F are degrees of freedom.
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. maximum values at 1800 h for plants at sites 1 and 2 or at 2100 h for plants at sites 3 and 4. Concentrations then decreased through the night reaching similar values by 0600 h to those found at 0600 h on the previous day. However, absolute secretion is higher than the amount of salts taken up into the leaves, and the salts accumulated during the day are secreted during the night. Figure 1B shows an inverse relationship between transpiration and secretion over a day. This will aect the internal mineral and water contents of the plant and thus will be re¯ected in its osmotic potential. The lowest (more negative) osmotic potential is found between 0900 h and 2100 h due to the internal concentration of ions in leaves (Fig. 1C) . The osmotic potential then starts to increase gradually, reaching its maximum value in the early morning. The¯uctuation of ionic osmotic potential is mainly due to the quantitative secretion or accumulation of NaCl in addition to the change in water content. Sodium plus chloride ions contribute 68 % of the ionic osmotic potential of the leaves during the period from 0900 h to 2400 h; their contribution then decreases to about 60 % at 0600 h.
Under conditions of drastic shortages of water and hyperarid conditions around the shoots, as is the case in the Sahara desert (Thornthwaite, 1948; Batanouny, 1973) , the amount of water transpired by leaves is not balanced immediately by absorption from the soil. However, there is another¯uctuation in the plant water content. Data in Table 3 show that the plant water content gradually decreased from the morning to evening, and the lowest contents were recorded between 1200 and 1800 h. After that, a recovery occurs through increasing absorption during the night. On the other hand, it is likely that recovery of water content is not totally from the soil, as the shoots of S. spicatus were wet in the early morning. This was possibly due to the hygroscopic nature of the salts on the leaf surface and the relatively high air humidity during the night. However, reduction of water content of the plant at midday is another factor, with increasing retention of salts, resulting in a reduction of the plant's osmotic potential. Table 3 shows the calculated concentrations of Na in solution reaching the plant's leaves during the daytime at the study sites. In plants at sites 3 and 4, concentrations were generally higher from 0600 to 2100 h; thereafter, concentrations were lower than those calculated for plants at sites 1 and 2. At all sites, concentrations of Na in the solution taken up to the leaves were very low during the period of intensive transpiration from 0900 to 1500 h. During the night and until the early morning, the concentrations were high because of reduced transpiration. As mentioned previously, the shoots of S. spicatus were wet during the night due to the relatively high air humidity and the hygroscopic nature of the salts on the leaf surface. However, some of the brine solution formed on the leaf surfaces may have been re-absorbed as indicated by the higher values of Na in the solution reaching leaves during the night (Table 3) . Means of transpiration rates, secretion rates, change in internal concentrations of Na and water contents at each site (Table 2) were used in the calculations.
Concentration of Na in solution reaching the leaves
264
RamadanÐDynamics of Salt Secretion by Sporobolus spicatus
DISCUSSION
The concentration of Na in the solution transported to leaves of S. spicatus ( from 0900 to 1500 h) is less than 0 . 1 % of that in the soil solution (Tables 1 and 3 ). The majority of salts are prevented from entering the plant by an ecient barrier at the roots; a phenomenon which Scholander (1968) has termed an`ultra®ltration system'. Scholander et al. (1962) have shown that species of Avicennia, Aegialitis and Aegiceras prevent 80±90 % of NaCl present in sea water from entering the plant. Percentages were 80 % for Avicennia marina (Waisel et al. 1986 ), 90±97 % for seedling roots of Aegiceras and Avicennia (Ball, 1988) and 12±95 % for the xero-halophyte Reaumuria hirtella (Ramadan, 1998) . These comparisons with other dicotyledonous species show that S. spicatus, and perhaps all monocotyledonous halophytes, have a high degree of rejection of salts at the root system. The percentage of external Na prevented from entering the roots of S. spicatus decreased with increasing soil salinity. In highly saline environments (Table 1) , even restricting salt uptake to 0 . 1 % of that in the soil will cause the internal ionic content of the plant to rise to a harmful level in a short time, especially in a small grass plant that is not succulent. Furthermore, plants in the Egyptian desert are exposed to a very hot and extremely dry atmosphere, thus inducing high transpiration rates and concomitantly more uptake of soil salts.
Salts reaching the leaves via the transpiration stream are divided into two main fractions, one of which is rapidly secreted while the second is temporarily retained by the leaves. Rozema et al. (1981) used the equation (secretion accumulation)/transpiration to calculate the concentration of Na in the transpiration stream. This equation can only be used when the water lost by transpiration is totally compensated by root absorption. In this study, there was a great shortage of water supply to the roots of S. spicatus, and the shoots were exposed to extremely dry conditions; as a result there was a¯uctuation in the plant's internal water content. These changes in water contents had to be taken into consideration when estimating the concentration of Na in the solution transported to the leaves of S. spicatus. Data in Tables 2 and 3 show that concentrations of Na in the solution transported to the leaves were very low during the period of low secretion and intensive transpiration ( from 0900 to 1500 h). Before that, from 0600 to 0900 h, the concentrations were high and, in spite of the magnitude of secretion which was also high, the maximum net accumulation in the leaves was recorded during this period. During the night, the concentration of Na in the solution transported to the leaves was high due to the reduced volume of water, rather than the amount of Na reaching the leaves. This is suggested to be due to diusion of some of the brine solution on the surfaces of leaves. The absolute secretion during the night was more than the net amount of Na transported to the leaves, so the concentrations of Na in leaves of S. spicatus decreased at all sites. Moreover, intensive transpiration during the midday period leads to a decrease in the water content of shoots, hence increasing the concentration of solutes. These two responses to salinity and drought (increasing ionic and decreasing water contents) additively aect the osmotic potential of the shoots. Figure 1C shows that the osmotic potential due to accumulation of ions in leaves of S. spicatus was low during the day and increased gradually during the night reaching a maximum in the early morning. Short and Colmer (1999) found that Na plus Cl À contributed 56 to 80 % of the sap osmotic potential of the halophyte Halosarcia pergranulata subsp. pergranulata grown at 10 to 800 mol m À3 NaCl. In this study, Na plus Cl À in leaves of S. spicatus contributed 68 % of the ionic osmotic potential during the period from 0900 to 2400 h and their contribution decreased to 60 % at 0600 h, with negligible dierences between plants from dierent sites. However, there are great dierences between the accumulative and secreting halophytes; the latter have the ability to regulate and maintain their internal mineral balance by secreting excess interfering ions.
The qualitative and quantitative composition of the secreted salts is determined by two processes: ®rstly by the eciency of salt glands to secrete some ions, and secondly by which ions are retained with more anity in the leaves. Results in Table 1 show that the calculated average of K : Na molar ratio in the shoots of S. spicatus (0 . 33 : 1) is more than ten-fold that in the soil solution (0 . 032 : 1), and the ratio is greatly reduced in the secreted salts (0 . 025 : 1). However, selectivity occurs at some sites in the path taken by ions from the root to glands. The secretion mechanism in S. spicatus has a high speci®city for NaCl as it comprised about 93 % of the dry weight of secreted salts. This will reduce the ratio of harmful-to-nutrient ions in the photosynthetic tissues to a level found in plant tissues tolerating the external salinity (Ramadan, 1998) . In S. spicatus, some ions with high nutritive value, such as PO 2À 4 , seem to be unavailable for secretion; this may be due to their rapid incorporation and utilization in metabolism. The secretion mechanism has a low anity toward the divalent cations Ca 2 and Mg 2 . The ®rst measurements of rates of secretion require rinsing of the leaves at 0600 h to remove the previously secreted salts. According to Rozema and Riphagen (1977) , this method causes dramatic changes in the equilibrium build-up between the inside and outside of the glands, which arti®cially accelerates secretion. Comparison between the results of secretion at 0600 h and after 24 h (Fig. 1B) showed that washing leaves of S. spicatus resulted in increasing the ®rst values of secretion by about 33 %. In the ®eld, repeated removal of salts from the leaf surfaces and hence acceleration of the secretion process occurs naturally during the night as the air humidity increases. On the other hand, shoots of such plants may absorb water vapour from the atmosphere (Waisel, 1972; Moony et al., 1980) and their water content may increase during the night. The high magnitude of secretion during the night, with increasing drought and soil salinity, resulted in nonsigni®cant dierences between the concentrations of dierent ions in the plants at dierent sites in spite of the highly signi®cant dierences in soil mineral contents. This study illustrates the role of secretion in regulating salt accumulation by S. spicatus. The bulk of the salt absorbed from the
